The r e f l e c t a
n d o f b o t h f i f m s , b e f o r e and a f t e r anneal, h a s been r e l a t e d t o t h e i r composition, q r a i n s i z e , and c r y s t a l s t r u c t u r e . I n p a r t i c u l a r t h i s h a s b e e n done i n t h e i n f r a r e d f o r t h e r e f l e c t i v e f i l m s and i n t h e v i s i b l e f o r t h e b l a c k f i l m s . The s o l a r absorpt a n c e o f b o t h f i l m t y p e s can be enhanced by one o r t w o a n t i r e f l e c t i o n l a y e r s w i t h o n l y s l i g h t i n c r e a s e s i n t h e e m i t t a n c e .

A b i l a y e r of CVD s i l i c o n (700 &) and s i l i c o n n i t r i d e (700 8)
on t h e annealed r e f l e c t i v e f i l m r e s u l t s i n a a = 0.75 and e(500°C) = 0.05. A l a y e r o f CVD s i l i c o n n i t r i d e (750 A ) on t h e b l a c k f i l m r e s u l t s i n a = 0.91 and e (500°C) = 0.11. Both c o n f i g u r a t i o n s have been t e s t e d f o r o v e r 1800 hours a t 500°C i n a roughing pump vacuum w i t h o u t measured d e t e r i o r a t i o n .
1. I n t r o d u c t i o n . -The e f f i c i e n c y of photothermal conversion depends on t h e c o n v e r t e r s u r f a c e having h i g h s o l a r a b s o r p t a n c e ( a ) and low thermal. e m i t t a n c e ( e ) f o r conversion schemes u s i n g c o n c e n t r a t i o n v a l u e s of one t o two hundred and temperatures n e a r 500°C / I / . The m a t e r i a l s which p r o v i d e t h e s e o p t i c a l p r o p e r t i e s must be d u r a b l e a t e l e v a t e d temperat u r e s f o r l o n g p e r i o d s of time and must be produced i n a c o s t e f f e c t ive manner /2/. W e r e p o r t on two t y p e s of molybdenum f i l m s , r e f l e c t i v e and b l a c k , which can be used t o meet t h e s e requirements.
A c o n v e r t e r w i t h h i g h a and low e l o r s p e c t r a l s e l e c t i v i t y , i s u s u a l l y provided by t a k i n g advantage of two o r more o f t h e f o l l o w i n g approaches : i n t r i n s i c s e l e c t i v i t y i n a s i n g l e m a t e r i a l , semiconductor (+) T h i s work h a s been supported by t h e U.S. Department o f Energy, Advanced Technology Branch, under c o n t r a c t number EY-76-S-04-3709. (++) V i s i t i n g S c i e n t i s t a t U.S.T.L., L a b o r a t o i r e de S p e c t r o s c o p i e 11, F-34060, M o n t p e l l i e r , France, May-October 1980, funded by CNRS-NSF Exchangeof S c i e n t i s t s Program.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981115 JOURNAL DE PHYSIQUE on metal tandems, i n t e r f e r e n c e , composite m a t e r i a l s , and s u r f a c e textur e /2/. W e have i n v e s t i g a t e d t h e use of molybdenum (Mo) i n s o l a r conversion f o r two reasons. F i r s t , f l o has a high melting p o i n t and i s s t ab l e a t 500°C. Second, M o e x h i b i t s both high i n f r a r e d r e f l e c t a n c e and moderate s o l a r absorptance. W e show how t h e absorptance of !lo f i l m s can be increased by combinations of some of t h e above approaches f o r gaining s p e c t r a l s e l e c t i v i t y . Our M o f i l m s have been deposited by Chemical Vapor Deposition (CVD) f o r two reasons. F i r s t , c o n t r o l of CVD process parameters can a lt e r t h e composition and s t r u c t u r e of t h e films. This c o n t r o l has a l l owed f o r t h e d i v e r s e compositions and s t r u c t u r e s of r e f l e c t i v e and black $40. Second, CVD can occur a t one atmosphere and t h e r e f o r e has pot e n t i a l f o r l a r g e through-puts i n a c o s t -e f f e c t i v e manner /I/. 2. Experimental procedure.
-R e f l e c t i v e and black M o f i l m s were deposit e d on fused s i l i c a s u b s t r a t e s by t h e p y r o l y t i c decomposition of molybdenum carbonyl (Mo (CO) 6 ) a t 300°C under one atmosphere of argon. The r e a c t i o n f o r r e f l e c t i v e M o is a s follows :
A s we have mentioned previously /3/, r e a c t i o n (1) does n o t go t o complet i o n a t 300°C. This f a c t causes t h e i n c o r p o r a t i o n of considerable carbon and oxygen i n t h e growing film. W e d i s c u s s t h e i n f l u e n c e of t h e C and 0 on t h e i n f r a r e d r e f l e c t a n c e of t h e f i l m s i n t h e next s e c t i o n . Black !.lo i s formed by some combination of r e a c t i o n (1) and t h e following r e a c t i o n :
The oxygen flow i s c o n t r o l l e d with a simple rotameter and r e s u l t s i n f i l m s c o n t a i n i n g l e s s carbon and more oxygen than e x i s t i n as-deposited r e f l e c t i v e Mo. D e t a i l s of t h e various d e p o s i t i o n parameters can be found elsewhere /4/.
The i n f r a r e d r e f l e c t a n c e of both r e f l e c t i v e and black M o a r e increased by post-deposition anneals a t temperatures above 700°C. A s explained i n a l a t e r s e c t i o n , anneals of r e f l e c t i v e M o i n e i t h e r He o r H2 r e s u l t i n increased r e f l e c t a n c e , while t h e r e f l e c t a n c e of black M o does not change u n l e s s H2 i s p r e s e n t i n t h e annealing atmosphere.
A second approach f o r d e p o s i t i n g black Plo i s t h e hydrogen reduct i o n of molybdenum dioxydichloride :
Reaction ( 3 ) i s of i n t e r e s t because it can proceed a t temperatures a s low a s about 550°C and has p o t e n t i a l f o r producing s p e c t r a l l y s e l e c t ive black &lo f i l m s without need f o r post-deposition anneal. Keeping production temperatures below 750°C i s important f o r avoiding film-substrat e i n t e r a c t i o n s when m e t a l l i c s u b s t r a t e s a r e needed f o r a c t u a l s o l a r a p p l i c a t i o n s of black Blo.
The composition, c r y s t a l s t r u c t u r e and g r a i n s i z e of ourCVDMowere determined by Auger Spectroscopy, X-ray d i f f r a c t i o n , and e l e c t r o n m icroscopy r e s p e c t i v e l y /4/.
Specular r e f l e c t a n c e t o w i t h i n + l % was measured from 3-15 microns r e l a t i v e t o aluminium s t a n d a r d s on a Perkin-Elmer 137 spectrophotometer. Measurements of a b s o l u t e i n f r a r e d r e f l e c t a nc e t o within i 0 -1 % were done by D r . J. Bennett on t h e Bennett Absol u t e Reflectometer a t China Lake, C a l i f o r n i a /5 and 6/. Normal emittanc e values (en) were determined from t h e product of t h e 500°C black body spectrum and t h e near-normal s p e c u l a r r e f l e c t a n c e of our samples, measured a t 20°C on t h e instruments described above. Absorptances were c a l c u l a t e d from t h e product of t h e a i r mass 2 s o l a r spectrum and t h e hemispherical-directional ( l g O ) r e f l e c t a n c e of our samples i n t h e v i s ib l e and near i n f r a r e d . The v i s i b l e and near i n f r a r e d r e f l e c t a n c e s were measured a t 20°c on an instrument developed a t O p t i c a l Sciences anddesc r i b e d elsewhere /7/. The c a l c u l a t i o n s of a and en were f a c i l i t a t e d by using "distorted-A p l o t s " . These p l o t s graph r e f l e c t a n c e a g a i n s t an abs c i s s a which i s l i n e a r i n e i t h e r f r a c t i o n s of t h e t o t a l s o l a r f l u x o r of t h e r e r a d i a t i v e l o s s /8/. 3 . Experimental observations and discussion.-3.1. g e f & e c t i v e Mo.-I n i t s as-deposited c o n d i t i o n , r e f l e c t i v e M o c o n t a i n s a t o t a l of 36 + 5 0 atomic % carbon and oxygen and i s composed of 300 A wide, face-centeredcubic columnar g r a i n s . Post-deposition annealing above 750°C i n e i t h e r pure He ( l e s s than 0.1 ppm O 2 p l u s H20) o r a He-H2 mixture r a i s e s t h e r e f l e c t a n c e of r e f l e c t i v e Mo from 85 % t o t h e r e f l e c t a n c e of an aluminium standard on our commercial spectrophotometer a t 10 microns /9/.
A s shown i n f i g u r e 1, t h e i n c r e a s e i n r e f l e c t a n c e during anneal has been c o r r e l a t e d with t h e outgassing of C and 0 , t h e conversion t o t h e body-centered-cubic s t r u c t u r e c h a r a c t e r i s t i c of t h e bulk, and t h e ~r o w t h of l a r g e r g r a i n s . --fcc--hcp----bee -- Fig. 1. -R e l a t i v e r e f l e c t a n c e a t 10 microns of r e f l e c t i v e M o p l o t t e d a g a i n s t t h e t e m p e r a t u r e o f a 5 minute a n n e a l . Changes i n oxygen and carbon c o n t e n t , c r y s t a l s t r u c t u r e , and g r a i n s i z e d u r i n g a n n e a l a r e a ls o shown
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The a s -d e p o s i t e d f c c phase i s a p p a r e n t l y s t a b i l i z e d by t h e p r e s e n c e o f t h e C and 0. An o p t i c a l a n a l y s i s p r e s e n t e d e l s e w h e r e /4/ h a s shown t h a t i m p u r i t i e s l o c a l i z e m e t a l l i c f r e e e l e c t r o n s i n 140-C and Mo-0 bonds. The r e s u l t a n t f r e e c a r r i e r d e p l e t i o n and t h e i n f l u e n c e o f i n t e r b a n d t r a n s it i o n s on t h e d i e l e c t r i c f u n c t i o n r e d u c e s t h e r e f l e c t a n c e t o 85 %. Impur i t y and g r a i n boundary s c a t t e r i n g do n o t reduce t h e r e f l e c t a n c e a t 10 microns o f t h e a s -d e p o s i t e d f i l m s by more t h a n 1-2 %.
A f t e r a n n e a l i n g f o r 15 minutes a t 1000°C, t h e i n f r a r e d r e f l e c t a nc e of r e f l e c t i v e M o o b t a i n s t h e v a l u e s shown i n f i g u r e 2. A f t e r a n n e a l , t h e CVD f i l m i s more r e f l e c t i v e t h a n supersmooth bulk Mo (98.7 v e r s u s
% a t 10 microns) / l o / . W e a t t r i b u t e t h i s t o t h e p r e s e n c e o f a pol i s h -i n d u c e d damage l a y e r a t t h e s u r f a c e of t h e b u l k sample. A s t a t eo f -t h e -a r t Ilo f i l m s p u t t e r e d i
n an u l t r a c l e a n vacuum system i s shown f o r comparison. The r e f l e c t a n c e measurements t o + 0.1 %, and p r e p a r at i o n o f t h e bulk and s p u t t e r e d M o samples were done a t t h e Naval Weapons C e n t e r , China Lake, C a l i f o r n i a /9/.
. 2 . Converter s t a c k s u s i n g -r e f l e c t i v e
Mo.-A f t e r a n n e a l , r e f l e c t i v e ilo e x h i b i t s a = 0.37 and en = 0.03. The low thermal e m i t t a n c e of t h i s f i l m can be u t i l i z e d i n photothermal c o n v e r s i o n i f i t s a c a n be i n c r e ased. Fig. 2. -The a b s o l u t e r e f l e c t a n c e versus wavelength between 3 a n d l 5 microns of (curve 1) f u l l y annealed CVD r e f l e c t i v e Mo, (curve 2 ) supersmooth bulk No, and (curve 3 ) M o sputteredinanultracleanvacuumsystem
W e have enhanced t h e a t o 0.75 by c o a t i n g t h e PIIo f i l m with a b i l a y e r of
700 H of C W s i l i c o n and 700 1 of CVD Si3N4 The absorptance of t h i s s t a c k , with en = 0.05, b e n e f i t s from both i n t r i n s i c absorption i n t h e s i l i c o n and d e s t r u c t i v e i n t e r f e r e n c e i n both non-metallic l a y e r s , l e ading t o absorption i n t h e !lo. Though only e x h i b i t i n g moderate absorpt a n c e , t h e s e s t a c k s have p o t e n t i a l use i n evacuated c o l l e c t o r s of t h e Winston design which depend on low thermal emittance /11/. The s t a c k s have been exposed t o 500°C under a roughing pump vacuum f o r 1000 hours without r e f l e c t a n c e changes observable with our commercial spectrophotometers. This degree of s t a b i l i t y i s due i n p a r t t o o u r use of a s i l icon l a y e r which has been s t a b i l i z e d a g a i n s t c r y s t a l l i z a t i o n /12/. 3.3.g&_ac&-g~.-I n i t s as-deposited c o n d i t i o n , black M o c o n t a i n s 68 2 5 0 atomic % oxygen and i s composed of 300 A wide columnar g r a i n s which e x h i b i t t h e monoclinic c r y s t a l s t r u c t u r e of Moo2. Auger p r o f i l e s i n d ic a t e t h a t t h e composition i s uniform with depth. Fjgure 3 shows t h e low v i s i b l e ( a = 0 . 7 7 ) and low i n f r a r e d (en = 0.31) r e f l e c t a n c e of as-depos i t e d black I4o. Post-deposition annealing i n a mixture o f flowing He (90 % ) and H2 (10 % ) can remove most of t h e oxygen and convert black M o t o r e f l e c t i v e Mo, V J t h e following r e a c t i o n : when x = 2 . C o n t r o l l i n g both x and T allows f o r d i f f e r e n t r a t i o s of molybdenum t o molybdenum oxide i n t h e post-anneal film. 
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Fig. 3.-Distorted-X p l o t s giving hemispherical r e f l e c t a n c e , r (20°C), versus f r a c t i o n s of t h e a i r mass 2 s o l a r spectrum and specularh@flec-tance, 1: (20°C), versus f r a c t i o n s of t h e 500°C blackbody spectrum f o r black ~o~x f t e r : (curve 1) d e p o s i t i o n , (curve 2 ) p a r t i a l anneal a t 7 7 0 '~ f o r 7 minutes, and (curve 3) a n t i -r e f l e c t i o n w i t h Si3N4.
Annealing a t 770°C f o r 7 minutes does, i n f a c t produce a two phase f i l m /13/ with a = 0.74 and e n = 0.08. The manner i n which t h e two phases a r e d i s p e r s e d i s under i n v e s t i g a t i o n . Due t o t h i s degree of s p e c t r a l s e l e c t i v i t y , a p a r t i a l l y annealed black M o f i l m i s t h e r e f o r e a promis i n g s i n g l e Layer s o l a r converter.
W e now address t h e question of why black !lo i s black, s t a r t i n g with t h e as-deposited film. Scanning-electron microscopy shows t h a t black M o does n o t e x h i b i t s u f f i c i e n t t e x t u r e t o e x p l a i n t h e s e l e c t i v it y by wavelength d i s c r i m i n a t i o n . Figure 4 shows, however, t h a t t h e ref l e c t a n c e of as-deposited black M o i s s i m i l a r t o t h e r e f l e c t a n c e of Moo2 /14/.
I n view of t h i s f a c t , and s i n c e as-deposited black M o cont a i n s g r a i n s of MooZ and n e a r l y enough oxygen t o be s t o i c h i o m e t r i c Moo2, it i s l i k e l y t h a t t h e s e l e c t i v i t y of t h e as-deposited f i l m s i s caused by t h e i n t r i n s i c o p t i c a l p r o p e r t i e s of Moo2 /15/. Differences i n r e f l e c tance between t h e two curves i n f i g u r e 4 a t e n e r g i e s above 3 eV a r e l a rgely due t o non-specular s c a t t e r i n g from t h e black Mo. Elo i s due t o t h e f a c t t h a t t h e i n f r a r e d r e f l e c t a n c e r i s e s d u r i n g anneal i n g f a s t e r t h a n does t h e v i s i b l e r e f l e c t a n c e . Reasons f o r t h e s e observ a t i o n s may r e l a t e t o t h e two p h a s e s we have mentioned and a r e under i n v e s t i g a t i o n .
. 4 . Converter s t a c &
-F i g u r e 4 a l s o shows t h e r e f l e ct a n c e of p a r t i a l l y annealed b l a c k M o a f t e r it has been a n t i -r e f l e c t e d 0 w i t h 750 A of CVD Si3N4. The r e s u l t i n g a e q u a l s 0.91 and t h e e n e q u a l s 0.11 /16/. The s u b s t a n t i a l s e l e c t i v i t y o f t h i s s t a c k i s due t o t h e comb i n e d a c t i o n of t h e s e l e c t i v i t y of t h e b l a c k MO and t h e a n t i -p e f l e c t i o n l a y e r . W e expected t h i s s t a c k t o e x h i b i t s t a b i l i t y a t 500°C f o r two reasons. F i r s t , t h e f i l m s a r e produced a t t e m p e r a t u r e s up t o 770°C and s h o u l d t h e r e f o r e s u r v i v e exposures t o 500°C. Second, oxygen w i l l n o t o u t g a s from b l a c k 140 w i t h o u t t h e p r e s e n c e o f Hz. Thus, p o s s i b l e l o n g term l o s s e s o f a b s o r p t a n c e through an oxygen o u t g a s should n o t occur.
T h i s i s i n c o n t r a s t t o o u r r e f l e c t i v e M o samples where C and 0 can be o u t g a s s e d a s CO w i t h o u t t h e p r e s e n c e o f H2.
Three l i f e t i m e t e s t s w i t h a n t i -r e f l e c t e d , p a r t i a l l y annealed, b l a c k M o have been performed. I n each c a s e t h e Si3N4 a c t s a s both a n t i - Third, exposure t o a i r a t 500°C destroyed t h e s t a c k s w i t h i n 24 hours.
I n c o n t r a s t , previous work using C V D Si3N4 t o p a s s i v a t e r e f l e c t i v e M o a g a i n s t o x i d a t i o n i n a i r a t 500°C was much more s u c c e s s f u l /lo/. Since black M o from r e a c t i o n ( 3 ) has s i m i l a r o p t i c a l p r o p e r t i e s y e t somewhat d i f f e r e n t s u r f a c e morphology a s compared t o black blo from r e a c t i o n ( 2 ) , we coated f i l m s from r e a c t i o n (3) with Si3N4 and t e s t e d them i n a i r a t 500°C. These samples survived about 4 times longer, e s t a b l i s h i n g t h e p o t e n t i a l f o r improving t h e s t a b i l i t y of black M o i n a i r by a l t e r i n g s u r f a c e morphology.
4. Conclusions-The v e r s a t i l i t y of CVD and post-deposition annealing has been erl~ployed t o produce both r e f l e c t i v e and black Mo. The absorpt a n c e of both samples can be enhanced by overcoating with e i t h e r CVD S i a n d / o r CVD Si3N4. A f t e r overcoating, t h e high i n f r a r e d r e f l e c t a n c e 
